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Using linear response approach to the Mo¨ssbauer isomer shift, the calibration constant a(57Fe)
was obtained from high level ab initio calculations carried out for a representative set of iron
compounds. The importance of the eﬀects of relativity and electron correlation for an accurate
description of the 57Fe isomer shift is demonstrated on the basis of the Hartree–Fock, coupled
cluster with singles and doubles and of the double hybrid density functional calculations. A
reliable value of the calibration constant (a(57Fe) = 0.306  0.009 mm s1) was obtained with
the use of the B2-PLYP double hybrid density functional. This value is in good agreement with
the experimentally estimated constant of 0.31  0.04 a30 mm s1 and can be recommended for
theoretical modeling of 57Fe isomer shifts.
I. Introduction
Since its discovery 50 years ago, Mo¨ssbauer spectroscopy
has become a versatile tool of chemical analysis capable of
providing information about the chemical environment of the
resonating nucleus on an atomic scale.1–4 The most well-known
application of Mo¨ssbauer spectroscopy is the determination of
iron 57Fe in crystalline and in disordered solid samples which
ﬁnds an increasing number of applications in biochemistry and
biophysics as well as in materials science, nano-science, and
catalysis.5–7 The parameters of Mo¨ssbauer spectra, such as the
isomer shift, quadrupole splitting, magnetic hyperﬁne splitting,
are sensitive characteristics of the electronic structure and
depend on the electron density distribution in the vicinity
of the resonating nucleus. Thus, the isomer shift of the
Mo¨ssbauer spectrum is commonly related to the so-called
contact density,8–11
d = a(r(a)  r(s)) (1)
where the calibration constant a depends on the parameters of
the nuclear g-transition. Because the isomer shift is a relative
quantity, it is expressed in eqn (1) via a diﬀerence between
the contact density in the target compound r(a) and in the
reference compound r(s). Usually, the parameters of the
nuclear g-transition, such as the variation of the nuclear
charge radius, are not known experimentally with suﬃciently
high accuracy, such that a direct determination of a is not
possible.
Usually, the calibration constant is evaluated from a
comparison of the theoretically estimated contact densities
with the experimentally observed isomer shifts.8–13 In this
calibration procedure, a linear regression equation is used,
d = ar  b (2)
where the parameters a and b are determined from the least
squares ﬁt. Although a very good linear correlation between
d and r was obtained in many works, the value of a varied in
a wide range depending on the method of calculation and a set
of experimental isomer shifts employed in the calibration.
Thus, for iron 57Fe a ‘‘consensus’’ value of 0.267  0.115
a30 mm s
1 was suggested by Oldﬁeld from a compilation of the
published a(57Fe) constants.14 Wide error bars in this value
imply that there is no clear convergence of the estimated
calibration constants to a single value.
Besides theoretical calculations, the contact densities can be
evaluated from the experimentally measured life times
of electron capture by atomic nuclei. Thus, a value of
0.31  0.04 a30 mm s1 was derived by Ladrie`re et al.15 from
the life-time measurements of electron capture by the 52Fe
nucleus. Because the electron capture rate is proportional to
the contact density r, the a(57Fe) calibration constant could be
obtained from a comparison of the measured life times with
the 57Fe isomer shifts in the same compounds.
A substantial diﬀerence between this value and a theoretically
estimated ‘‘consensus’’ value of a(57Fe) suggests that certain
shortcomings of theoretical calculations need to be improved.
In particular, the eﬀects of relativity and electron correlation,
which strongly modify the electron distribution in the vicinity
of the nucleus, need to be accurately taken into account. This
can be achieved with the use of the linear response theory, in
which the isomer shift is treated as a derivative of the total
electronic energy Ee with respect to the charge radius R of the
resonating nucleus.16 For convenience, the isomer shift is












in which R0 is the experimental value of the nuclear charge
radius for the given isotope (e.g. 57Fe). Note that this
formalism requires the use of ﬁnite size nucleus model in the
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calculations. Previously this formalism was applied to the
calibration of the isomer shift of 119Sn which demonstrated
high reliability of the method.17
In the present work, we apply the linear response formalism16
to the calibration of 57Fe isomer shift on the basis of ab initio
calculations carried out with the wave function theory
methods, such as the Hartree–Fock method, the second-order
Møller–Plesset (MP2) perturbation theory method, the
coupled-cluster method, as well as with a density functional
method B2-PLYP, the double hybrid density functional
developed recently by Grimme.18 The major purpose of this
work is to apply the most accurate computational schemes
in combination with large un-contracted basis sets to
obtain a reliable value of the a(57Fe) calibration constant. A
representative number of iron-containing solid compounds
(crystalline solids and matrix isolated molecules) is employed
in the calibration with the use of the embedded cluster
approach. In a series of atomic calculations, for various
oxidation states of iron atom, the importance of the proper
account of relativity and electron correlation is demonstrated.
II. Details of calculations
The calculations are carried out in the embedded cluster
approach, where a cluster of atoms representing the structural
unit of the crystalline solid is immersed in the Madelung ﬁeld
of the rest of the crystal. The Madelung ﬁeld is modeled by the
ﬁeld of a large array of point charges placed at the appropriate
crystallographic positions. The magnitudes of the charges are
determined from the natural bond order (NBO) analysis19
of the respective cluster wave functions calculated at the
Hartee–Fock level.
The iron compounds used in this work are FeF2, KFeF3,
[Fe(H2O)6]
2+, FeBr2, FeCl2, FeI2, [Fe(H2O)6]
3+, FeF3,
FeCp2, K4Fe(CN)6, K3Fe(CN)6, Fe(CO)5, K2FeO4. The
clusters representing these compounds are reported in
Table 1 along with the respective literature references. In the
embedded cluster calculations, the cations nearest to the
cluster were represented with the use of the respective Stuttgart
eﬀective core potentials (ECPs).20 For matrix isolated compounds,
the polarizable continuum model (PCM)21 was employed to
model environment’s eﬀects.
The calculations are carried out using the COLOGNE
200532 suite of programs in which the computational scheme
for the isomer shift calculation is implemented. The relativistic
eﬀects are included using the normalized elimination of the
small component (NESC) method33 within the one-electron
approximation.34 The electron contact densities near the
nucleus are calculated according to eqn (3). The derivatives
dEeðRÞ
dR in eqn (3) are calculated numerically using the increment
of 106 Bohr for the root mean square (r.m.s.) nuclear charge
radius (RFe = 0.70213  104 Bohr). The calibration constant
a is obtained from eqn (2) by linear regression of the calculated
densities against the experimental isomer shifts. Throughout
this work, the Gaussian nucleus model is used in the calculations.
The calculations are carried out using Hartree–Fock (HF),
second order Møller–Plesset perturbation theory (MP2),
coupled cluster singles and doubles with perturbative treatment
of triple excitations (CCSD(T)) and double hybrid density
functional (B2-PLYP) level. The 24s12p9d basis set of
Partridge35 with a set of polarization functions taken from
TZVpp basis set of Ahlrichs andMay36 is used for iron and the
correlation consistent double-zeta (cc-pVDZ) basis set of
Dunning37 is used for the neighboring atoms. All basis sets
are used in the un-contracted form. The closed shell systems
are treated with spin restricted formalism and the open-shell
systems with spin unrestricted formalism.
III. Results and discussion
In this section we apply the linear response approach16 to the
calibration of 57Fe Mo¨ssbauer isomer shift in a series of
compounds described in the previous section. Before we start
with the calculations on cluster models, we would like to
demonstrate the importance of inclusion of the eﬀects of
relativity and electron correlation into the calculation of the
isomer shift.
Traditionally, for elements as light as 57Fe, an approach
based on the use of the contact densities obtained from the
non-relativistic calculations with the point-like nucleus is
employed.9–11 Because relativity strongly modiﬁes the wave
function and the electron density in the vicinity of the nucleus,
the use of the non-relativistic contact density r = r(0) (where
r(0) denotes the electron density at the nuclear position) may
lead to considerable errors even for a light element. This is
illustrated in Fig. 1, where the contact density diﬀerences
Dr(Fen+) = r(Fen+)  r(Fe0) calculated within the linear
response formalism16 for a series of iron ions are shown. In
this Figure, the contact density diﬀerences obtained from the
relativistically corrected CCSD(T) atomic calculations are
compared with those obtained in the non-relativistic CCSD(T)
calculations for the ground states of respective iron ions.
When taking the density diﬀerences, the non-relativistic
contact densities are scaled with a factor rrel(Fe
0)/rnr(Fe
0)
which agrees with the commonly adopted prescription of
scaling of the non-relativistic contact densities.8–14 It can be
seen that relativity has a noticeable eﬀect on the density
diﬀerences and, in some cases (e.g., Fe+ and Fe4+), may
Table 1 57Fe electron contact densities (a30 ) according to eqn (3)
calculated with the use of relativistically corrected HF, MP2 and
B2-PLYP methods. Literature references to crystal structures and
representative clusters are given for each compound
Compound Cluster Reference SCFa MP2a B2-PLYPb
1 FeF2 [FeF6]
4 22 86.33 86.00 8.59
2 KFeF3 [FeF6]
4 23 86.41 86.03 8.72
3 [Fe(H2O)6]
2+ [Fe(H2O)6]
2+ 13 86.56 86.05 8.68
4 FeBr2 [FeBr6]
4 22 87.31 87.16 9.74
5 FeCl2 [FeCl6]
4 22 87.24 87.06 9.52
6 FeI2 [FeI6]
4 24 88.03 88.14 10.51
7 [Fe(H2O)6]
3+ [Fe(H2O)6]
3+ 13 90.35 89.92 11.75
8 FeF3 [FeF6]
3 25 89.98 89.30 11.76
9 FeCp2 Fe(C5H5)2 26, 27 90.12 89.91 11.50
10 K4Fe(CN)6 [Fe(CN)6]
4 28 91.69 92.07 13.55
11 K3Fe(CN)6 [Fe(CN)6]
3 29 92.79 91.49 13.72
12 Fe(CO)5 Fe(CO)5 30 92.39 92.19 13.98
13 K2FeO4 [FeO4]
2 31 93.78 93.15 15.47
a A large constant of 14 800 a30 has been subtracted from all the
values. b A large constant of 15 000 a30 has been subtracted from all
the values.
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account for up to 50% of the total density variation.
Furthermore, scaling of the non-relativistic density does not
provide a suﬃciently accurate account of relativistic eﬀects on
the diﬀerence densities. Because the isomer shift is a relative
quantity and depends on the density diﬀerences rather than on
the total contact densities, the importance of the proper
account of relativity is obvious from Fig. 1.
Another factor which can modify the density distribution is
the electron correlation. The importance of electron correlation
for the contact densities is illustrated in Fig. 2, where the
density diﬀerences Dr(Fen+) = r(Fen+)  r(Fe0) obtained in
the relativistically corrected Hartree–Fock, CCSD(T), and
B2-PLYP calculations for a series of iron ions are shown.
From comparison of the HF and CCSD(T) density diﬀerences,
it is obvious that electron correlation makes a noticeable
contribution to the overall density variation, especially for
highly charged ions. It is noteworthy that the results of the
B2-PLYP calculations closely match the CCSD(T) results.
This observation suggests that the B2-PLYP density functional
can be used in the calculations on cluster models of solids
instead of the CCSD(T) method, which should lead to a
considerable saving of computation time. A similar conclusion
on the high accuracy of the B2-PLYP functional in the isomer
shift calculations has been recently made by Ro¨melt, Ye and
Neese.12
Table 1 reports the contact densities (eqn (3)) calculated
with the use of the relativistically corrected HF, MP2, and B2-
PLYP methods. These densities are used in the linear regres-
sion analysis with eqn (2) the results of which are plotted in
Fig. 3. The parameters of linear ﬁt (eqn (2)) are used to
calculate the isomer shifts which are reported in Table 2.
The values of the calibration constant obtained with diﬀerent
methods, aHF(
57Fe) = 0.265  0.009 a30 mm s1, aMP2(57Fe)
= 0.271  0.013 a30 mm s1, and aB2-PLYP(57Fe) = 0.306 
0.009 a30 mm s
1, approach the experimental estimate of
0.31  0.04 a30 mm s1 15 with increasing accuracy of the
electron correlation description in the sequence HFoMP2o
B2-PLYP.
The B2-PLYP calculations provide the most reliable value of the
calibration constant aB2-PLYP(
57Fe)=0.306 0.009 a30 mm s1
as evidenced by the smallest mean absolute deviation
(0.047 a30 mm s
1) and the standard deviation (0.072 a30 mm s
1)
of the calculated isomer shifts from the experimental
values presented in Table 2. To test the reliability of the
obtained calibration constants we have undertaken cal-
culations of the relative isomer shifts Ddx = dx  dref by
choosing diﬀerent reference compounds. The results of these
calculations are collected in lower part of Table 2, where the
relative shifts Ddx calculated with respect to K4Fe(CN)6,
KFeF3, FeF3, and K2FeO4 are shown. It is seen that the use
of the B2-PLYP method and the aB2-PLYP(
57Fe) calibration
constant leads to the best correlation with the experimental
values of the relative shifts irrespective of the reference compound
selected. Thus we can conclude that the aB2-PLYP(
57Fe) value
of 0.306  0.009 a30 mm s1 is the most reliable theoretical
value of the calibration constant obtained in this work. It is
gratifying that this value is in a very good agreement with the
experimental estimate of 0.31  0.04 a30 mm s1 for the 57Fe
calibration constant.15 Note that the aB2-PLYP constant
obtained in this work is in a good agreement with the value
0.311 a30 mm s1 obtained by Ro¨melt, Ye and Neese from the
B2-PLYP calculations employing the quasi-relativistic ZORA
Hamiltonian,12 however it is somewhat lower in the absolute
value than the constant 0.336 a30 mm s1 obtained in the
non-relativistic B2-PLYP calculations.12
IV. Conclusions
In this work, we have undertaken calibration of the 57Fe
isomer shift using the relativistically corrected high level
ab initio calculations. With the use of linear response approach
to the isomer shift16 the importance of proper description of the
eﬀects of relativity and electron correlation for the theoretical
Fig. 1 Contact density diﬀerence Dr(Fen+) = r(Fen+)  r(Fe0) as a
function of metal charge n. All calculations are carried out for the
isolated Fen+ atoms in the respective high-spin ground states with the
use of the non-relativistic and relativistically corrected CCSD(T)
method (see the legend).
Fig. 2 Contact density diﬀerence Dr(Fen+) = r(Fen+)  r(Fe0) as a
function of metal charge n. All calculations are carried out for the
isolated Fen+ atoms in the respective high-spin ground states with the
use of the relativistically corrected HF, CCSD(T), MP2, and B2-PLYP
methods (see the legend).
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contact densities was demonstrated. In the calculations for a
series of iron ions, it was shown that relativity and electron
correlation may account for up to ca. 50% of the contact
density diﬀerences which are important for the isomer shift.
With the use of relativistically corrected HF, MP2, and
B2-PLYP methods the values of the calibration constant
a(57Fe) were obtained from a linear regression of the contact
densities calculated for a large number of iron compounds
modeled within the embedded cluster approach against the
experimental isomer shift values. The most reliable theoretical
value of 0.306  0.009 a30 mm s1 was obtained with the use
of the B2-PLYP method which provides the best statistical
correlation (R2 = 0.990 and s = 0.072 a30 mm s
1) with the
experimental data. The reliability of the obtained calibration
constant was also veriﬁed in the calculation of the relative
isomer shifts Ddx = dx  dref using diﬀerent iron compounds
Fig. 3 Linear regression of the contact densities calculated with the relativistically corrected HF, MP2 and B2-PLYP methods for a series of iron
compounds against the experimental isomer shifts. Calibration constant a (in a30 mm s
1), Pearson’s correlation coeﬃcient R2 and standard
deviation s (in mm s1) are given for each method.
Table 2 57Fe isomer shifts (in mm s1) obtained from a linear regression, eqn (2), of the densities reported in Table 1 against the experimental
shifts. For each computational method, the parameters of eqn (2) as well as Pearson’s correlation coeﬃcient R2 and standard deviation s are given.
Mean absolute error and standard deviation in the relative isomer shifts Ddx= dx dref (in mm s1) calculated with respect to diﬀerent compounds
are given in the lower part of the table
dexp SCF MP2 B2-PLYP
1 FeF2 1.467 1.445 1.461 1.460
2 KFeF3 1.440 1.424 1.453 1.420
3 [Fe(H2O)6]
2+ 1.390 1.384 1.447 1.432
4 FeBr2 1.120 1.185 1.146 1.108
5 FeCl2 1.092 1.204 1.173 1.175
6 FeI2 1.044 0.995 0.880 0.872
7 [Fe(H2O)6]
3+ 0.500 0.381 0.398 0.493
8 FeF3 0.480 0.479 0.566 0.489
9 FeCp2 0.460 0.442 0.400 0.569
10 K4Fe(CN)6 0.020 0.026 0.186 0.058
11 K3Fe(CN)6 0.130 0.265 0.028 0.110
12 Fe(CO)5 0.140 0.159 0.218 0.190
13 K2FeO4 0.690 0.527 0.478 0.646
a/a30 mm s
1 0.265  0.009 0.271  0.013 0.306  0.009
b/mm s1 3941.6  140.2 4038.6  194.0 4595.4  136.3
R2 0.986 0.975 0.990
M.A.E./mm s1 a 0.059 0.089 0.047
s/mm s1 b 0.086 0.116 0.072
With respect to K4Fe(CN)6
M.A.E./mm s1 0.0836 0.1793 0.0658
s/mm s1 0.0998 0.2140 0.0833
With respect to KFeF3
M.A.E./mm s1 0.0618 0.0949 0.0551
s/mm s1 0.0881 0.1166 0.0753
With respect to FeF3
M.A.E./mm s1 0.0639 0.1165 0.0523
s/mm s1 0.0863 0.1486 0.0729
With respect to K2FeO4
M.A.E./mm s1 0.1765 0.2292 0.0649
s/mm s1 0.1970 0.2575 0.0865
a Mean absolute error. b Standard deviation.
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as a reference. In all cases, the B2-PLYP method with
aB2-PLYP(
57Fe) = 0.306  0.009 a30 mm s1 yielded the least
deviations from the experimental data. It is noteworthy that
this theoretical value is in a very good agreement with the
experimental estimate of 0.31  0.04 a30 mm s1.15 This
observation suggests that the a(57Fe) value obtained in this
work can be used as a universal constant in theoretical
modeling of the Mo¨ssbauer isomer shift.
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